Diabetes mellitus is one of the most common metabolic disorders. Type 2 diabetes mellitus (T2DM) accounts for more than 90% of cases of diabetes. According to the International Diabetes Federation (IDF) atlas 2013, there are 381.8 million diabetic patients aged 20--79 years, and this is projected to increase by 55% to 591.9 million by 2035[@b1]. Diabetic peripheral neuropathy (DPN) is one of the most common chronic complications of diabetes mellitus and often manifests as a distal, symmetric, sensorimotor neuropathy[@b2]. DPN mainly causes sensory, motor, and autonomic dysfunction[@b3], and can lead to ulcers, limb amputation, and death[@b4][@b5]. However, the pathogenesis of DPN has not been clarified. It is accepted that multiple factors related to chronic uncontrolled hyperglycemia contribute to the development of DPN, including the polyol pathway, advanced glycation end-product formation, oxidative stress, and activation of protein kinase C, and so on[@b6][@b7]. Recent evidence demonstrates that inflammation is closely related to diabetes and its complications[@b8][@b9]. Our previous study found elevated expression of the tumor necrosis factor alpha (TNF-α) cytokine in the serum of DPN model rats, and revealed that a TNF-α inhibitor relieved the symptoms in DPN rats[@b10]. AS main proinflammatory cytokines in inflammatory reaction, IL-6 and IL-1beta are involved in development of many diseases. The elevated levels of IL-6 and IL-1β are found in diabetic rat sciatic nerve suggesting that inflammation is involved in the occurrence of DPN[@b11]. Therefore, moderate anti-inflammatory therapy may have an effect on DPN. However, nonsteroidal anti-inflammatory drugs (NSAIDs) have limited clinical application due to toxic side effects[@b12]. Thus, it is extremely important to explore new, safe, and effective anti-inflammatory therapeutic drugs.

Thymoquinone (TQ) is a bioactive monomer derived from black seed (Nigella sativa) oil. TQ has been reported to exhibit many pharmacological effects, including immunomodulatory, anticancer, antioxidant, and anti-inflammatory effects[@b13][@b14][@b15][@b16]. Previous studies show that TQ suppresses the inflammatory reaction and oxidative stress to relieve injury in pancreatic tissue and diabetic nephropathy in streptozotocin-induced diabetic rats[@b17][@b18]. Kanter, M had proved that thymoquinone had beneficial effects on histopathological changes of sciatic nerves in STZ-induced diabetic peripheral neuropathy rats by regulating oxidative stress[@b19]. But, it is not clear whether inflammatory response was also involved in this process, after all, thymoquinone has a strong anti-inflammatory effect while inflammatory reaction participates in the pathogenesis of DPN. Thus, we speculated that TQ could alleviate peripheral nerve injury in a rat model of DPN from the point of anti-inflammation.

Here, we report that TQ protects against glucose-induced apoptosis of Schwann cells and inhibition of Schwann cell proliferation in cultured cells. It also improves nerve conduction velocity, and alleviates pathological morphology changes and sciatic nerve demyelination in DPN rats. Differential expression of COX-2, IL-1β, IL-6, and Caspase-3 between TQ-treated and untreated rats suggests that these effects may be mediated by the inflammatory response.

Results
=======

TQ alleviated the inhibition of Schwann cell proliferation following exposure to a high of concentration glucose
----------------------------------------------------------------------------------------------------------------

In the initial stage of the experiment, CCK-8 was performed to measure cell proliferation under different concentrations: 25 (normal group), 50, 100, 150, and 200mM glucose treatment. Compared with the normal group (25 mM), the 50 mM concentration of glucose resulted in no obvious difference in cell proliferation, though there was a trend toward promoting proliferation that was not statistically significant (*p* \> 0.05). With the increase of glucose concentration, cell proliferation showed a concentration-dependent inhibition. Treatment with 100, 150, and 200 mM glucose significantly decreased cell viability compared with the normal group (*p* *\<* 0.05; [Fig. 1A](#f1){ref-type="fig"}). However, when treated with different concentrations of TQ, the glucose-induced inhibition of Schwann cell proliferation was alleviated ([Fig. 1B](#f1){ref-type="fig"}). Compared with control group (0μM TQ), cell cultures exposed to TQ at 5, 20, and 80 μM for 24 h under 100 mM glucose condition showed 18%, 46.5% and 23% increases in cell proliferation, respectively. The effect of TQ was not dose-dependent. TQ at concentrations of 5 and 80 μM showed a mild effect on cell proliferation (*p* *\<* 0.05), but the effect of 20 μM TQ was highly significant (p *\<* 0.01).

TQ protected against high glucose-induced Schwann cells apoptosis
-----------------------------------------------------------------

As shown in [Fig. 2](#f2){ref-type="fig"}, the apoptosis rate of Schwann cells exhibited a downward trend following treatment with 50 mM high glucose compared with the normal glucose concentration but there was no statistical significance (*p* \> 0.05). With the increase of glucose concentration, the apoptosis rate elevated significantly. The percentage of Schwann cells undergoing apoptosis under the conditions of 100, 150, and 200 mM glucose were 1.50% ± 0.13%, 1.64% ± 0.26%, and 1.81% ± 0.33%, respectively, which were 21%, 32%, and 46% higher than in the control group, respectively ([Fig. 2A,B](#f2){ref-type="fig"}). When cells were treated with TQ at 5, 20, and 80 μM for 24 h in the 100 mM high glucose condition, the apoptosis rate significantly decreased in the TQ 20 μM group compared with the other groups (*p* *\<* 0.01) ([Fig. 2C,D](#f2){ref-type="fig"}). There were no obvious differences between the group treated with the lowest concentration of TQ (5 μM) and the control group (100 mM glucose; *p* \> 0.05). Likewise, the highest concentration of TQ (80 μM) showed no protective effect (*p* \> 0.05).

TQ decreased the expression of COX-2 induced by high glucose and lipopolysaccharide (LPS)
-----------------------------------------------------------------------------------------

To verify whether TQ could inhibit the inflammatory reactions induced by high a concentration of glucose and LPS, we examined the levels of COX-2, which plays an important role in inflammatory response in Schwann cells treated with 100 mM glucose and 1 μg/mL LPS. Our results showed that COX-2 levels were low in normal glucose, but when Schwann cells were exposed to high glucose, the COX-2 level was significantly up-regulated (*p* *\<* 0.01). TQ at concentrations of 5 and 20 μM significantly reduced the expression of COX-2 (*p* *\<* 0.01). Of note, at the 20 μM concentration, TQ downregulated the expression of COX-2 induced by high glucose as effectively as the selective COX-2 inhibitor NS-398 ([Fig. 3A,B](#f3){ref-type="fig"}). The same results were found when Schwann cells were treated with 1 μg/ml LPS and 20 μM TQ. LPS significantly upregulated the expression of COX-2 compared with the normal group (*p* *\<* 0.01). After the administration of TQ, the expression of COX-2 induced by LPS was significantly inhibited (*p* *\<* 0.01) ([Fig. 3C,D](#f3){ref-type="fig"}).

Validation of the diabetic peripheral neuropathy rat model
----------------------------------------------------------

In our study, the DPN model was established by a high-fat, high-sugar diet for 6 weeks, followed by a single dose of STZ intraperitoneal injection. After 72 h of STZ injection, T2DM rats were validated by their higher blood glucose levels compared with normal animals. DPN group rats had high baseline fasting blood glucose levels compared with the normal group rats (*p* *\<* 0.05) and there was no significant difference between the treated DPN groups (*p* \> 0.05). After treatment for 6 weeks, blood glucose levels of the TQ treated groups were decreased, especially in the DPN+TQ5 group, but no significant differences in fasting blood glucose levels were found (p \> 0.05). And there was no significant difference in the levels of blood glucose before (0 week) and after (6 weeks) the injection of VitB~12~ (*p* \> 0.05) ([Table 1](#t1){ref-type="table"}).

TQ rescued the decrease of motor nerve conduction velocity and sensory nerve conduction velocity in DPN rats
------------------------------------------------------------------------------------------------------------

In order to estimate the effect of TQ on nerve electrophysiology, NCV was examined. As shown in [Fig. 4](#f4){ref-type="fig"}, there were no statistically significant differences in either motor NCV (MNCV) or sensory NCV (SNCV) among any groups before treatment (*p* \> 0.05). As the extension of time, MNCV and SNCV gradually decreased in the DPN group (*p* *\<* 0.05); both motor and sensory NCV in the DPN+TQ2 and the DPN+TQ5 group were significantly higher than that in the DPN group after treatment at sixth weeks (*p* *\<* 0.05). Further, the MNCV in the VitB~12~ group was higher than that in the DPN group after treatment (*p* *\<* 0.05). Though the SNCV in the VitB~12~ group was also higher, this effect was not statistically significant (*p* \> 0.05). ([Fig. 4A,B](#f4){ref-type="fig"}).

TQ attenuated the morphological changes in the sciatic nerve in DPN rats
------------------------------------------------------------------------

H&E staining was performed to observe the histopathology of the rat sciatic nerve. In the normal group rats, the myelinated nerve fibers were similar in size. Myelin appeared dense, round, and uniform with ordered lamellar structures presenting neither axonal shrinkage nor swelling. In the DPN group rats, the myelin sheath of the myelinated nerve fibers was thin, loose, and disorganized and exhibited vacuolar-like defects. Some nerve fibers in the sciatic nerve appeared demyelinated. Lamellar spaces were expanded and separated from each other and visible signs of axonal atrophy were evident. The endoneurial capillary displayed thick walls and irregular lumen. The histopathological morphology was improved in DPN+TQ2, DPN+TQ5 and DPN+ViB~12~ groups compared with the DPN group. Further, myelinated nerve fiber density was higher, myelin structure was more complete, and vacuolar degeneration was lower, especially in the DPN+TQ5 group ([Fig. 5](#f5){ref-type="fig"}). Though the morphology in the treated group was greatly improved, it was not as good as the normal group yet.

Finally, transmission electron microscopy was used to observe the ultrastructure of myelin. In the normal group rats the cross-section of the sciatic nerve had uniform and dense myelination with structural integrity presenting concentric light and dark circles in lamellar structures and axonal shrinkage and swelling. In the DPN group rats the myelin structure was disorganized and axonal shrinkage was present. There was a visible degree of lamellar fracture, acute demyelination, and separation of the myelin sheath. The number and degree of axonal shrinkage and degeneration of myelin of the nerve fibers in the DPN+TQ2, DPN+TQ5, and DPN+ViB~12~ groups was lower and less severe than that in the DPN group ([Fig. 6](#f6){ref-type="fig"}).

TQ down-regulated expression of COX-2 and Caspase-3 in the DPN rats
-------------------------------------------------------------------

Compared with the normal group, COX-2 and Caspase-3 including the cleaved Caspase-3 expression in the T2DM group was higher, but this effect was not statistically significant (*p* \> 0.05). However, Caspase-3 and its cleaved product expression in the sciatic nerve of the DPN group showed a significant statistical increase (p \< 0.05), while COX-2 expression was more significant (p \< 0.01). Compared with the DPN group, the expression of these proteins in the DPN+TQ2 and DPN+VitB~12~ group was lower, but the differences did not reach statistical significance (*p* \> 0.05). However, COX-2 and Caspase-3 including its cleaved product expression were significantly decreased in the DPN+TQ5 group (*p* \< 0.05; [Fig. 7](#f7){ref-type="fig"}).

TQ down-regulated expression of IL-6 and IL-1β in the plasma of DPN rats
------------------------------------------------------------------------

As shown in [Table 2](#t2){ref-type="table"}, although they were undetected in the normal group, IL-6 and IL-1β expression in the T2DM and DPN groups was remarkably up-regulated compared with the normal group (*p* *\<* 0.05), but there was no significant difference between the T2DMand DPN groups. IL-6 expression was significantly downregulated in the DPN+TQ5, DPN+TQ2, and DPN+VitB~12~ groups compared with the DPN group (*p* *\<* 0.05). IL-1β expression was significantly decreased only in the DPN+TQ5 group (*p* *\<* 0.05).

Discussion
==========

DPN is one of the most common chronic complications of T2DM. About 50% of the population with T2DM will experience damage to the peripheral nerves. It has caused a significant economic burden to society[@b20]. The mechanism of the development of DPN has not yet been fully elucidated. Studies have shown that inflammatory reaction may play a role in the development of DPN[@b21]. Our previous study also confirmed the point that there is a great relationship between inflammation and DPN. Because of the side effects in the use of anti-inflammatory drugs clinically, to discover new and effective anti-inflammatory drugs for the treatment of DPN is extremely needed.

As stated previously, TQ has been reported to exhibit remarkable antioxidant and anti-inflammatory effects. However, the effect of TQ on DPN has rarely been reported. In order to verify the protective effect of TQ on DPN and the mechanism involved, we conducted the experiment *in vitro* and *in vivo*.

A large number of studies demonstrate that Schwann cells are closely related to the pathogenesis of diabetic peripheral neuropathy[@b22][@b23]. Schwann cell abnormalities may cause nerve dysfunction, such as reduced nerve conduction velocity, axonal atrophy and impaired axonal regeneration. Based on the key role of Schwann cells in DPN, we chose Schwann cells as the object of our *in vitro* study. We observed that the proliferation of Schwann cells was inhibited by high concentrations of glucose, consistent with other researchers' reports[@b24]. However, when treated with TQ, the inhibition of Schwann cell proliferation induced by high glucose was alleviated, especially following treatment with 20 μM TQ. Currently, it remains unclear in pathophysiology that why high glucose could repress Schwann cell proliferation. Studies find that high glucose may cause inhibitory effect on SC proliferation through ERK signaling activation or ERK1/2 MAPK signaling and so on[@b25][@b26][@b27]. Hence, it is speculated that TQ may promote Schwann cells proliferation by modulating some signaling pathway. Proliferation and migration of Schwann cells is an important physiological process in repairing nerve fiber damage. Studies observed that if proliferation of Schwann cells was inhibited, their migration ability was also weakened[@b28]. Thus, TQ may play an important role in repairing nerve fibers by promoting proliferation and migration of Schwann cells in DPN.

Further, our study indicated that TQ could not only promote proliferation, but also inhibit the apoptosis of Schwann cells induced by high glucose. When the glucose concentration was greater than 100 mM, the rate of Schwann cell apoptosis gradually increased with the elevated glucose concentration. Though the total apoptosis rate was not high, this may be due to the fact that we cultured the Schwann cells in high glucose for a short time only: 24 h. However, statistically significant differences were observed between the high glucose group and the normal glucose group. After treatment with TQ, the apoptosis rate of Schwann cells induced by high glucose was significantly decreased in the TQ 20 μM group.

However, the highest concentration of TQ (80 μM) showed no protective effect, perhaps because the toxic effect outweighed the treatment effect at this concentration. Apoptosis of Schwann cells plays a major role in demyelination and allergic neuritis in demyelinating diseases[@b29][@b30][@b31]. By inhibiting apoptosis of Schwann cells, TQ could help to repair peripheral nerves, reduce demyelination of peripheral nerves, and slow down the process of peripheral nerve degeneration.

To study the mechanisms involved in these effects on Schwann cells, we observed the effect of TQ on the inflammatory response. In the present study, we found that TQ decreased the expression of COX-2 in Schwann cells cultured in a high concentration of glucose, which illustrates that TQ could decrease the inflammatory reaction induced by high concentration glucose. To further verify the anti-inflammatory effect of TQ, we observed the effect of TQ on the inflammatory response induced by LPS. Likewise, we found that expression of COX-2 was significantly inhibited. Our data demonstrated that TQ showed a strong anti-inflammatory effect that was as efficient as the selective COX-2 inhibitor NS-398.

Based on previous results, we speculate that TQ could protect peripheral nerves, and promote their repair in DPN. In order to verify this speculation, we observed the protective effect of TQ on DPN *in vivo*. In the DPN rat model, we found a decreased NCV and pathologic morphology changes in the sciatic nerve characterized by demyelination and diffuse shrinkage in myelin nerve fibers compared with the normal group rats. However, after treatment with TQ for 6 weeks, both the NCV and the pathological morphology of the sciatic nerve were significantly improved, especially at a dosage of 5mg/kg. The same effect could also be found in VitB~12~ treated groups. As a kind of classic neuroprotective drug, VitB~12~ is one of the most important mediators of nervous system function. A VitB~12~ deficiency expresses itself by a wide variety of neurological manifestations such as paraesthesias, skin numbness, coordination disorders and reduced nerve conduction velocity[@b32]. In the clinic, it is often used to accelerate recovery of peripheral nerves[@b33]. So, we could find the phenomenon that TQ showed an equal effect as Vitamin B~12~ or even better. Besides, there were no significant differences in blood glucose changes between the diabetic rats and the treated DPN groups, although the blood glucose concentration of the TQ treated groups was decreased. This indicates that the protective effect of TQ was not mediated through the regulation of blood glucose. The results of the present study suggested that TQ may be effective in impeding pathogenic processes occurring in the DPN rat induced by STZ injection.

Furthermore, our results showed that IL-1β and IL-6 expression in plasma and COX-2 and Caspase-3 including its activated product expression in the sciatic nerve was also down-regulated in DPN rats by TQ. These results suggest that TQ could reduce the inflammatory reaction and cell apoptosis in the sciatic nerve of DPN rats and have a protective effect on DPN. The elevated levels of COX-2, IL-6, and IL-1β in diabetic rat sciatic nerve suggest that inflammation is involved in the occurrence of DPN[@b11]. Glucose-mediated alteration of COX-2 pathways plays a critical role in mediating peripheral nerve dysfunction in diabetes[@b34]. As a key enzyme in inflammatory process, COX-2 overexpression induced by high glucose can activate a series of down-stream inflammatory responses. The subsequent prostaglandin E2 (PGE2) activity could induce pro-apoptotic molecules such as Caspase-3, Bax, and- Caspase-9 to be overexpressed, which can generate a series of activation reactions such as cleaved caspase-3 and finally lead to cell apoptosis[@b35]. Further, COX-2 activation itself promotes the production of reactive oxygen species and causes oxidative stress in the diabetic peripheral nerves, also inducing cell apoptosis[@b36]. What is more important is that researchers demonstrated that down-regulating COX-2 expression may be useful for preventing or delaying DPN[@b37]. IL-6 and IL-1β are important inflammatory cytokines involved in oligodendrocyte toxicity and demyelination in DPN. Particularly, increased IL-6 can lead to endothelial cell dysfunction, which is a key process that leads to the development of atherosclerosis and eventually leads to neurological ischemia and damage[@b38]. If the inflammatory reaction is inhibited, the symptoms of DPN can be relieved, just as our previous study and others have demonstrated[@b10]. Thus, TQ may play a protective role in DPN due to its anti -inflammatory effect.

A large number of studies have indicated that oxidative stress is also involved in diabetes and its complications. As we have mentioned above, TQ also has excellent antioxidant ability[@b39][@b40][@b41]. However, in the current study, we only focused on the anti-inflammatory effects of TQ. Thus, further study is needed to verify the role of TQ in DPN.

Conclusions
===========

Taken together, our results indicate that TQ has a protective effect on peripheral nerves in the DPN rat. The mechanism may be mediated, in part, by modulation of the inflammatory reaction. The present study may provide experimental evidence to merit further exploration of the possible use of thymoquinone as a therapeutic approach in the treatment of diabetic peripheral neuropathy.

Materials and Methods
=====================

Cell culture and treatment
--------------------------

RSC96 cells (rat Schwann cells) were obtained from the Cell Resource Center of the Shanghai Institute for Biological Sciences, Chinese Academy of Sciences and cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO, USA) containing 25 mM glucose supplemented with 10% bovine serum (GIBCO-16000--044), in a humidified 5% CO2, 95% air, 37 °C incubator. The effect of a high glucose concentration on Schwann cells was investigated by comparing the following conditions: normal concentration of glucose (25 mM glucose, NG) and high concentrations of glucose (50, 100, 150, and 200 mM glucose, HG). Cells were cultured for 24 h after the addition of glucose. TQ treatment was conducted as follows: 100 mM glucose plus TQ at different concentrations (5, 20, and 80 μM) 4 h after the addition of glucose, for 24 h.

Cell proliferation assay using the Cell Counting Kit-8 (CCK-8) and determination of cell apoptosis by flow cytometry analysis
-----------------------------------------------------------------------------------------------------------------------------

Cell proliferation was determined using cell counting kit-8 (Dojindo, Japan) as previously described[@b42]. For each group, cells were seeded in a 96-well plate at a density of 1 × 10^4^ cells/well and four repeated wells were made. Three experiments were conducted.

RSC96 Schwann cells were seeded in a 6-well plate and treated as previously described. Cell apoptosis was detected by Annexin V, FITC Apoptosis Detection Kit (Dojindo Laboratories, Japan) according to the manufacturer's instructions. Stained cells were analyzed using a FACScalibur Flow cytometer (Beckman coulter). For all assays, 15,000 cells were counted.

Experimental animals and grouping
---------------------------------

Adult male Wistar rats weighing 160--180g were purchased from the SIPPR-BK Lab Animal Co., Ltd. (Shanghai, China). All animal experiments were approved by the Ethic Committee of Animal Care of Jinshan Hospital. All experimental methods were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. These animals were randomly divided into six groups: normal control group (n = 10), T2DM group (n = 10), DPN control group (n = 10), DPN+TQ 2 mg/kg group (n = 10), DPN+TQ 5 mg/kg group (n = 10), and DPN + vitamin B~12~ (VitB~12~) 600 μg/kg group (n = 10).

Establishment of a DPN model
----------------------------

The rat model of DPN was established as previously described[@b10]. Briefly, after being fed a high-fat, high-sugar diet (normal diet mixed with 10% lard and 20% sucrose) for 6 weeks, diabetes was induced by a single intraperitoneal administration of STZ (30 mg/kg; Sigma) in 0.1 M citrate buffer (pH 4.2) after overnight fasting. Diabetes was confirmed by measuring blood glucose level (\>16.7 mmol/L) 72 h after STZ administration. Once the diabetes was induced, the diabetic animals were divided into DPN group and DPN+TQ or VitB12 groups. The DPN group animals were continuously fed with a high-fat, high-sugar diet for another 6 weeks to generate DPN animals. But the DPN+TQ or VitB12 groups animals were intraperitoneally injected with varying concentrations of TQ (274666, Sigma; 2 mg/kg and 5 mg/kg, dissolved in 10% anhydrous ethanol) or VitB12 (Shanghai No.1 Biochemical & Pharmaceutical Co., Ltd; 600 μg/kg), once every 2 days, except with a high-fat, high-sugar diet for 6 weeks. The DPN model was validated by measuring lowered nerve conduction velocity (NCV, *\<* 40 m/s). The normal control group rats were given the normal diet all the time in the experiment. The T2DM group rats were firstly given the normal diet for 6 weeks, after that, they were fed a high-fat, high-sugar diet for 6 weeks. Three days before scarification, the rats were given intraperitoneal administration of STZ of 30 mg/kg and blood glucose level was measured 72 h after STZ administration. At the end of the experiment, the animals were sacrificed under chloral hydrate anesthesia and sciatic nerves were obtained. In addition, we monitored blood glucose levels during the experiment.

Measurement of nerve conduction velocity
----------------------------------------

NCV was measured in the sciatic nerve. At the end of the sixth week, all animals were anesthetized with 10% chloral hydrate (0.3 ml/100 g) and fixed in the prone position. Motor nerve conduction velocity (MNCV) and sensory nerve conduction velocity (SNCV) were recorded as previously reported[@b10]. The NCV of each group was measured three times to calculate the mean value.

Morphological observations
--------------------------

### Preparation of sciatic nerve tissue, staining, and transmission electron microscopy

Isolated bilateral sciatic nerves were fixed with 4% formaldehyde and embedded in paraffin. Sciatic nerve samples were sectioned (5 μm thick) with a rotary slicer (LEICA RM2135, Wetzlar, Germany). Hematoxylin and eosin stain (H&E) was used to evaluate neuronal damage and myelination status. Transmission electron microscopy observation was carried out as previously reported[@b10].

Western blot
------------

Total protein extracted from sciatic nerve tissue or Schwann cells cultured *in vitro* were separated by SDS-PAGE and transferred onto PVDF membranes (Millipore, Bedford, MA). After blocking with 5% skim milk in TBS-T at room temperature for 1 hour, the membranes were probed with rabbit anti-rat cox-2(1:500 dilution, CST) or Caspase-3(1:1000 dilution, CST), Cleaved Caspase-3(1:200 dilution, CST)and GAPDH (1:5000 dilution, Sigma) primary antibody at 4 °C overnight and the membranes were washed three times with TBS-T prior to incubation with horseradish peroxidase-conjugated secondary antibody at room temperature for 1 hour. The signals were detected by chemiluminescence using gel imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

Bio-Plex Pro^TM^ Assays
-----------------------

Bio-Plex Pro™ assays are magnetic bead-based multiplex assays designed to measure multiple cytokine biomarkers. In this study, plasma samples were centrifuged twice after thawing and then IL-1β and IL-6 were measured with the Bio-Plex Pro^TM^ Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's instructions. Finally, the results were analyzed using the Bio-Plex 200 system and the Bio-Plex Manager software (Bio-Rad Laboratories).

Statistical analysis
--------------------

Data were expressed as mean ± SE. All the grouped data were statistically analyzed with SPSS 13.0. Comparisons between groups were performed by one-way ANOVA or independent t-tests. Comparisons about before and after treatment in same group were performed by repeated one-way ANOVA. The *P* value *\<* 0.05 is considered significant.
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![Effect of thymoquinone (TQ) on Schwann cell proliferation induced by high glucose.\
(**A**) RSC96 cells were treated with 25 (the normal group), 50, 100, 150, or 200 mM high glucose for 24 h. *\*p* *\<* *0.05, \*\*p* *\<* *0.01* versus normal group. (**B**) RSC96 cells were induced by 100 mM high glucose and treated with 0, 5, 20, or 80 μM TQ for 24 h. Cells in the normal group were treated with 25mM glucose for 24 h. *\*p* *\<* *0.05* versus the normal group, ^*\#*^*p* *\<* *0.05* versus control group, ^*\#\#*^*p* *\<* *0.01* versus control group.](srep31656-f1){#f1}

![Thymoquinone (TQ) protected against high glucose-induced Schwann cell apoptosis.\
(**A,B**) RSC96 cells were treated with 25 (the normal group), 50, 100, 150, or 200 mM high glucose for 24 h. (**A**) Apoptotic rate of Schwann cells induced by high glucose. (**B**) Percentages of apoptotic Schwann cell analyzed by flow cytometry. a, b, c, d, e respectively represent normal, 50, 100, 150, 200mM high glucose. *\*p* \< *0.05, \*\*p* \< *0.01* versus normal group. (**C,D**) RSC96 cells were treated with 100mM of high glucose and 5, 20, or 80 μM TQ for 24 h. (**C**) Apoptotic rate of high glucose-induced Schwann cells treated with TQ. (**D**) Percentages of apoptotic Schwann cells with TQ treatment analyzed by flow cytometry. a, b, c, d represent control (100mM) high glucose and 5, 20, and 80 μM TQ respectively. ^*\#\#*^*p* \< *0.01* versus the control group.](srep31656-f2){#f2}

![Thymoquinone (TQ) decreased the expression of COX-2 induced by high glucose and lipopolysaccharide (LPS).\
(**A,B**) RSC96 cells were induced by 100mM glucose for 24 h, then cells were treated with 5, 20, or 80 μM TQ and 10 μM NS-398 for 24 h. (**A**) A representative western blot of COX-2 is shown. HG: high glucose. (**B**) The relative density of COX-2 expression. *\*\*p* \< *0.01* versus the normal group; ^*\#*^*p* \< *0.05* versus the control group, ^*\#\#*^*p* \< *0.01* versus the control group. (**C,D**) RSC96 cells were induced by 1 μg/L LPS and treated with 20 μM TQ for 24 h. (**C**) A representative western blot of COX-2 is shown. (**B**) The relative density of COX-2 expression. \*\**p* \< *0.01* versus the normal group; ^\#\#^*p* \< *0.01* versus the control group.](srep31656-f3){#f3}

![Thymoquinone (TQ) rescued the decrease of motor nerve conduction velocity and sensory nerve conduction velocity in DPN rats.\
(**A**) Changes of motor nerve conduction velocity among groups at 0th week and 6th week. (**B**) Changes of sensory nerve conduction velocity among groups at 0th week and 6th week. \*\**p* \< 0.01 versus normal group; ^\#^*p* \< 0.05 versus the diabetic peripheral neuropathy (DPN) group.](srep31656-f4){#f4}

![Hematoxylin and eosin staining revealed that thymoquinone (TQ) attenuated diabetic peripheral neuropathy (DPN)-induced pathological changes.\
(**A**) Normal group; (**B**) T2DM group; (**C**) DPN group; (**D**) DPN+TQ5 group; (**E**) DPN+TQ2 group; (**F**) DPN+VitB12 group. T2DM: type 2 diabetes mellitus; TQ2: 2 mg/kg TQ; TQ5: 5 mg/kg TQ; VitB12: vitamin B12. Panel shows longitudinal sections with 400X amplification (scale bar = 50 μm).](srep31656-f5){#f5}

![Transmission electron microscopy revealed that thymoquinone (TQ) attenuated diabetic peripheral neuropathy (DPN)-induced pathological changes.\
(**A**) Normal group; (**B**) T2DMgroup; (**C**) DPN group; (**D**) DPN+TQ5 group; (**E**) DPN+TQ2 group; (**F**) DPN+VitB12 group. T2DM: type 2 diabetes mellitus; TQ2: 2 mg/kg TQ; TQ5: 5 mg/kg TQ; VitB12: vitamin B12; m: myelin, a: axon. Panel shows longitudinal sections with 3000X amplification (scale bar = 5 μm).](srep31656-f6){#f6}

![Thymoquinone (TQ) downregulated the expression of COX-2 and Caspase-3 in diabetic peripheral neuropathy (DPN) rats.\
(**A,B**) Expression of Caspase-3 in rat sciatic nerve. (**A**) Representative western blot of Caspase-3. (**B**) The relative density of Caspase-3 expression. *\*p* \< *0.05* versus the normal group; ^*\#\#*^*p* \< *0.01* versus the control group. (**C,D**) Expression of cleaved Caspase-3 in rat sciatic nerve. (**C**) Representative western blot of cleaved Caspase-3. (**D**) The relative density of cleaved Caspase-3 of 17KD expression. *\*p* \< *0.05* versus the normal group; ^*\#*^*p* \< *0.05* versus the control group. (**E,F**) Expression of COX-2 in rat sciatic nerve. **(E**) Representative western blot of COX-2. (**F**) The relative density of COX-2 expression. \*\**p* \< 0.01 versus the normal group; ^\#*\#*^*p* \< 0.01 versus the control group.](srep31656-f7){#f7}

###### Effect of Thymoquinone (TQ) on the blood glucose of diabetic peripheral neuropathy (DPN) rats.

  Time                     0 week        6 weeks
  -------------------- -------------- --------------
  Normal group          5.46 ± 0.49    5.96 ± 0.29
  T2DM group            5.36 ± 0.59    21.12 ± 0.44
  DPN group             22.76 ± 4.17   20.40 ± 5.15
  DPN+TQ5 group         23.37 ± 6.45   16.81 ± 3.15
  DPN+TQ2 group         22.67 ± 4.76   17.50 ± 3.13
  DPN+VitB~12~ group    21.71 ± 4.66   19.51 ± 3.47

Note: Week 0 refers to the 3 days after STZ injection and before TQ administration. Week 6 refers to 6 weeks after STZ injection. T2DM: type 2 diabetes mellitus; TQ2: 2 mg/kg TQ; TQ5: 5 mg/kg TQ; VitB~12~: vitamin B12. Unit of blood glucose: mmol/L.

###### Thymoquinone (TQ) reduced inflammatory factor expression in plasma of diabetic peripheral neuropathy (DPN) rats.

  Time                                 IL-6                                      IL-1β
  -------------------- ------------------------------------- ---------------------------------------------
  Normal group                         OOR\<                                     OOR\<
  T2DM group                       9.937 + 1.406                             376.8 + 57.96
  DPN group                        10.845 + 1.15                              384 + 34.44
  DPN+TQ5 group         OOR\<[\*\*](#t2-fn1){ref-type="fn"}   129.3 + 48.11[\*\*](#t2-fn1){ref-type="fn"}
  DPN+TQ2 group         OOR\<[\*\*](#t2-fn1){ref-type="fn"}                  305.3 + 57.1
  DPN+VitB~12~ group    OOR\<[\*\*](#t2-fn1){ref-type="fn"}                  366.3 + 72.58

Note: 6 weeks after TQ administration, IL-6 and IL-1β expression were detected by Bio-Plex ProTM Assays. OOR\<"means much smaller than the minimum detection range. \*\**p* \< *0.01* versus the DPN group. T2DM: type 2 diabetes mellitus; TQ2: 2 mg/kg TQ; TQ5: 5 mg/kg TQ; VitB~12~: vitamin B~12~. Unit of inflammatory factors: pg/ml.

[^1]: These authors contributed equally to this work.
